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RNA splicing: What has phosphorylation got to do with it?
Tom Misteli
Many pre-mRNA splicing factors are phosphorylated in
vivo, but the role of this modification has been unclear.
Recent observations suggest that phosphorylation
modulates protein–protein interactions within the
spliceosome, thereby contributing to dynamic structural
reorganization of the spliceosome during splicing.
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The coding sequences of most eukaryotic genes are
interrupted by non-coding stretches of DNA known as
introns. Introns must be excised from primary transcripts
and the flanking exons joined together — the process
known as splicing — before the mature RNA is exported
from the nucleus. Pre-mRNA splicing occurs in a macromol-
ecular complex known as the spliceosome, which consists of
five small nuclear ribonuclear particles (snRNPs) and a large
number of non-snRNP protein splicing factors. The steps
leading to a fully spliced RNA are well understood and
include the stepwise assembly of the spliceosome via inter-
mediate complexes termed E, A, B and C (Figure 1). 
In vitro data have suggested that, during formation of the
spliceosome, several rearrangements must occur which
require the displacement and switching of binding part-
ners within the spliceosomal complex (reviewed in [1]).
For example, upon entry of the U4/U6.U5 snRNP into the
B1 complex, the base-pairing of U1 snRNP with the
5′ splice site is disrupted and U6 snRNP binds to the
5′ splice site. In another important rearrangement prior to
the catalytic steps of splicing, U6 snRNP switches partners
by dissociating from U4 snRNP and binding to U2 snRNP. 
A number of spliceosome-associated components have
amino-acid sequences indicative of ATP-dependent
helicases and GTPases (reviewed in [2]). These proteins
are good candidates for being the enzymes that mediate
changes in base-pairing during spliceosome rearrange-
ments (reviewed in [1,2]). Recent evidence now suggests
that protein phosphorylation might significantly influence
protein–protein interactions in the spliceosome, and in
this manner contribute to spliceosome dynamics at virtu-
ally every step of the splicing reaction.
That phosphorylation has a role in pre-RNA splicing has
indirectly been inferred from several observations. One is
that a major class of essential non-snRNP protein splicing
factors, the SR proteins, have a carboxy-terminal domain
rich in serine/arginine dipeptides, an ideal target for
extensive phosphorylation (reviewed in [3]). Indeed all
classical SR proteins, as well as many snRNP-associated
proteins, are phosphorylated in vivo. Furthermore, the
phosphorylation state of splicing factors appears to be crit-
ical for at least two events during the splicing reaction.
First, spliceosome formation requires phosphorylation, as
SR proteins are not incorporated into the forming spliceo-
some in vitro in the presence of protein phosphatase [4].
And second, when in vitro splicing reactions are performed
in the presence of phosphatase inhibitors, spliceosomes
form but are arrested before the catalytic steps of splicing
occur, suggesting that at least one dephosphorylation
event is required for progression of the splicing reaction
[4]. Dephosphorylation is not a general feature of the late
steps of splicing, however: SAP155, a U2 snRNP protein,
becomes phosphorylated during the catalytic steps [5].
It has been tempting to speculate that phosphorylation
might modulate the interaction of proteins within the
spliceosome, but direct evidence for this has been lacking.
Manley and colleagues have recently tested whether SR
phosphorylation affects protein–protein and protein–RNA
interactions [6,7]. Phosphorylation of SF2/ASF, the found-
ing member of the SR protein family, significantly
reduced its non-specific binding to RNA and enhanced its
binding to U1-70K protein in vitro. This increase in
binding did not reflect a generally higher tendency of the
phosphorylated protein to bind to other proteins, as phos-
phorylation of SF2/ASF differentially affected its binding
to other partners: although phosphorylation of SF2/ASF
increased its binding to U1-70K protein, it decreased its
binding to itself and to another SR protein, SRp40, and
had no effect on its binding to U2AF35. 
These results suggest that modulation of the phosphoryla-
tion state of SF2/ASF, and presumably of many other
splicing factors, can modulate the network of binding
partners during the splicing reaction, and so might
facilitate dynamic rearrangements within the spliceosome.
These simple observations could explain one of the major
rearrangements in the assembling spliceosome. SR
proteins are thought to promote the specific binding of U1
snRNP to the 5′ splice site via interaction with the U1-
70K protein to form the E complex. In turn, in the B1
complex, the interaction of U1 snRNP with the 5′ splice
site is disrupted. It can be speculated that the initial
association of U1 snRNP with the 5′ splice site is facili-
tated by phosphorylated SF2/ASF, and that dephosphory-
lation of SF2/ASF, and probably also other SR proteins, in
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the late B1 complex contributes to the weakening of the
U1 snRNP binding to the 5′ splice site.
Which enzymes phosphorylate and dephosphorylate
splicing factors? Several kinases have been identified that
phosphorylate SR proteins, although there is no evidence
that these kinases act on their substrates at any time
during the splicing reaction, nor that they phosphorylate
SR proteins in vivo. Similarly, circumstantial evidence
from inhibitor experiments in vitro implicates protein
phosphatases 1 and 2A in late steps of the splicing reaction
[4]. But none of these kinases or phosphatases has been
found stably associated with the spliceosome. The first
spliceosome-associated phosphatase activity has recently
been identified using a unbiased approach to purify novel
pre-RNA splicing factors in a biochemical complementa-
tion assay [8]. 
The purified factor, splicing complementing factor 1
(SCF1), was identified by peptide sequencing as PP2Cγ, a
member of the serine/threonine phosphatase 2C family.
Murray et al. [8] found that PP2Cγ is required early in
spliceosome assembly prior to A complex formation, as an
inactive form of the phosphatase with an active-site muta-
tion did not support early spliceosome assembly. The fact
that the closely related PP2Cα isoform could not substi-
tute for PP2Cγ indicates that the phosphatase has a fairly
specific set of, as yet unknown, substrates. As PP2Cγ
remains associated with the spliceosome throughout the
splicing reaction, it may also catalyse one of the essential
dephosphorylation steps that occur late in the splicing
reaction. Although the original phosphatase inhibitor
titration experiments pointed to an involvement of PP1
and PP2A in these late steps, the inhibitors could not
address a possible role for PP2Cγ and it remains to be
determined whether PP2Cγ is also involved in the late
steps of splicing.
Splicing factor phosphorylation might not only be crucial
in constitutive splicing, but also play a role in alternative
splice-site selection. It is currently thought that splice site
choice is based on the relative levels of various splicing
factors and relative strengths of splice sites [9]. This model
implies that the network of interacting splicing factors is
affected by changes in the ratio of factors, although there
has been no demonstration that spliceosome composition
is different on alternatively spliced transcripts. As it has
now been shown that phosphorylation can affect
protein–protein interactions directly, one can envisage that
this modification might also result in altered interactions
between splicing factors, and so to switches in splice-site
selection. Alternatively, the ratios of splicing factors and
alternative splice-site selection might also be controlled by
the subcellular and subnuclear localization of splicing com-
ponents. Regardless of the mechanism, evidence for a role
of phosphorylation in splice-site selection has come from
the observations that overexpression of any SR protein-
specific Clk/Sty kinase results in a shift in the selected
splice site [10] and that dephosphorylation induces a
splice-site switch in late adenoviral infection [11].
Although the role of protein localization in alternative
splice-site selection is not clear, protein phosphorylation is
involved in determining the overall localization of splicing
factors in vivo. Experiments involving microscopy of living
cells have shown that phosphorylation of SR proteins is
required for their targeting to sites of transcription and
splicing in the cell nucleus in vivo [12]. Specifically, phos-
phorylation of serine residues in the RS domain of SR 
Figure 1
The phosphorylation state of pre-mRNA splicing factors affects almost
all steps of pre-mRNA splicing. A schematic model of the stepwise
assembly of the spliceosome is shown. The late C complex stage,
during which the catalytic steps occur, is not shown. Steps with a
known requirement for phosphorylation are indicated in green, steps
with a known requirement for dephosphorylation are indicated in red.
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proteins appears to be important for the release of factors
from storage/assembly sites within the nucleus. These find-
ings, together with the in vitro biochemical data, suggest
that phosphorylation not only makes SR proteins compe-
tent for incorporation into the spliceosome, but also ensures
that they get to their sites of action in the first place.
In the light of these recent observations, it can be
speculated that protein phosphorylation might act as a
modulator of protein–protein and protein–RNA interac-
tions at multiple stages during spliceosome formation. It
remains to be seen whether phosphorylation and dephos-
phorylation are generic features of spliceosomal compo-
nents, or whether they also serve to regulate spliceosome
function by acting as entry sites for signal transduction
pathways. Further characterization of the role of phospho-
rylation in pre-mRNA splicing will require the identifica-
tion of the kinase and phosphatase activities associated
with the spliceosome as well as identification of their sub-
strates. Because of the complexity of the spliceosome and
the involvement of phosphorylation, not only in the splic-
ing reaction per se, but also in the organization of splicing
factors within the cell nucleus, a complete picture of
protein phosphorylation in pre-RNA splicing will be
obtained only by examining both the molecular and the
cell biological aspects of the splicing reaction in vivo. 
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